Abstract. The positron annihilation method was used to study the formation of defects in titanium samples during their corrosion in the vapor of a 3% HCl solution. In particular, the distribution of defects depending on the distance from the corroding surface and the impact of an external magnetic fi eld on the concentration of vacancies forming during the corrosion of titanium layers close to the surface were determined.
Introduction
Positrons which penetrate substances annihilate with electrons in several ways. For instance, in defected metals, positron annihilation occurs either in the interstitial space or in the defects of the structure. In metals covered with a thin passive layer, positrons annihilate both in this layer and the defected volume of the metal. Admittedly, in Ti, the passive layer is of the type n, still cation vacancies that diffuse inside the metal occur in it also. Thus, the positron lifetime spectrum for Ti covered with a passive layer of its oxides contains, in itself, information on the sizes and concentrations of these defects. In systems, where only one type of defects exists, it is the so-called two-state positron annihilation model [1] that is used to interpret experimental results. With its help, it is possible to determine, among others, the mean concentration C v of defects: (1) where  B is the positron lifetime in bulk,  2 is the value of the second component of positron lifetime spectra, I 1 and I 2 are the intensities of the fi rst and second component of positron lifetime spectra, respectively,  v is the specifi c positron trapping rate for defect and vacancy-like defect in metals that usually falls into the range 10 14 -10 15 s -1 . Note that the quality (2) was evaluated and found to agree well with the Ti bulk is lifetime  B .
Corrosion of metals is associated with the formation of lattice defects on the surface of the metal. 
Publications [2] [3] [4] demonstrate that the positron lifetime measurement technique can be useful for examinations of defects caused by chemical processes on the surface of the metal (e.g., corrosion). One aspect of corrosion that is not fully explained before is the effect of a magnetic fi eld on the kinetics of this process [5] [6] [7] . Researchers have found, among other things, that the magnetic fi eld strongly infl uences the kinetics of the formation of corrosion pits in ferromagnetic materials but have no contribution to the corrosion in austenitic steel grades. Our research has confi rmed this effect [4, 8] . The so-called point defect model (PDM) of corrosion [9] describes the huge role of lattice defects in the process of transferring cations outside and anions into the metal. Linhardt and coworkers [10] demonstrated that as long as the metal is passive, the magnetic fi eld has no impact on the kinetics of corrosion pit formation in AISI 304 austenitic steel, but once the passive layer is broken or disappears, the magnetic fi eld infl uences the rate at which pits are formed. The passivating, protective oxide layer is a two-phase area with a strong electrical fi eld inside, in which cation vacancies of the metal move deeper into the metal, and oxide anion vacanciestoward the sample surface. One could think that the passive layer on the surface of titanium behaves like a conductor through which electricity fl ows. According to the laws of electrodynamics, if this conductor is surrounded by a magnetic fi eld, the Lorentz force acts on it, and the value of this force depends on the thickness of the passive layer and orientation of the external magnetic fi eld relative to the electrical fi eld in the passive layer. This publication presents the results of the studies of the density distribution of corrosion defects in the near-surface layer of titanium samples as well as the effect of the magnetic fi eld on the concentration of vacancies formed by the corrosion process in these samples.
Preparation of samples, experimental procedure
The titanium samples were made by Goodfellow, had the purity of 99.99%, and were cylindrical with 10 mm in diameter and 2 mm in thickness. In order to eliminate above-equilibrium defects, samples were annealed at the temperatures of 500°C and 1100°C in vacuum (p < 10 -3 mbar) for 3 hours and then slowly cooled down to room temperature at the rate of 20°C/h. Then for the annealed samples, positron lifetimes were measured.
For further research, samples were placed between the poles of a magnet perpendicular or parallel to the magnetic induction vector. Next, the samples, appropriately oriented relative to the magnetic fi eld, were placed in a container above the surface of a 3% HCl solution, where they corroded in the vapor from this solution. Some samples were subjected to corrosion directly after annealing, without being held in a magnetic fi eld. The magnetic fi eld had the induction of B = 276 mT. In order to determine the distribution of defects caused by corrosion after it ended and after the positron lifetime spectrum was measured, the surface layers were removed from titanium samples by pickling them in a mixture of the hydrofl uoric acid and nitric acid. Then, the samples were cleaned in ethyl alcohol and dried at the temperature of 60°C in a vacuum. The thickness of the removed layers was determined based on the difference between the sample mass before and after the layer was removed. Positron lifetime spectra for titanium samples described in the following were examined: (A) annealed at the temperatures of 500°C and 1100°C; (B) corroding directly after being annealed for 150 h outside a magnetic fi eld; (C) corroding directly after being annealed for 150 h in an external magnetic fi eld perpendicular to the corroding surface; (D) corroding directly after being annealed for 150 h in an external magnetic fi eld parallel to the corroding surface; (E) held without corrosion atmosphere for 150 h in an external magnetic fi eld perpendicular to the sample surface; (F) held without corrosion atmosphere for 150 h in an external magnetic fi eld parallel to the sample surface. Measurements of positron lifetime spectra was performed using a convectional fast-fast coincidence spectrometer with a time resolution ~270 ps full width of half maximum (FWHM). The obtained spectra always contained more than 10 6 counts and were analyzed by decomposition them into two and three components. It was found that all the analyzed spectra contained at least two components with the following lifetimes:  1 = (0.147 ± 0.03) ns and  2 = (0.240 ± 0.12) ns. Figure 1a shows the relationship between the intensity I 2 of the defect component of the positron lifetime spectrum with the value  2 = 0.240 ns and the thickness Z of the removed surface layer for sample B. From the literature, it is known that the  2 value corresponds to the positron lifetime in vacancies in Ti. The point marked A represents samples examined directly after annealing (with an equilibrium concentration of vacancies). The values of I 2 are, within the margin of error, the same for both types of samples, but after 150 hours of corrosion, I 2 increases about 2.5 times for samples annealed at 500°C and almost 4 times for those annealed at 1100°C. For samples annealed at 1100°C, after a layer of 6.4 mm thickness is removed, I 2 decreases to about 8% and remains the same (within the margin of error) to the depth of 45.9 mm. However, it remains much higher than that on the surfaces of samples examined directly after their annealing. In samples annealed at 500°C, the intensity I 2 decreases practically down to the depth of 45 mm, at which it reaches a value close to that on the surface of the annealed sample. The intensity I 2 is con-nected with the concentration of the defects in the area in which the positrons annihilate by relation (1) . Positron lifetime measurements, depending on the thickness Z of the removed surface layer of the samples, indicated that the value of component  2 = 0.240 ns does not change, which testifi es to the absence of clustering of vacancies. Figure 1b shows relative changes in the vacancy concentration C v /C vo in titanium depending on Z (C vo is the vacancy concentration in non-defected titanium). Holding samples in HCl vapor for 150 h causes additional vacancies to be created by chemical reactions in the near-surface layer of about 45 m thickness. Their concentration is greater in samples annealed at the temperature of 1100°C than that in those annealed at 500°C (about 1.5 times).
Results
To better understand the infl uence of an external magnetic fi eld on the passivating layer, positron lifetime spectra were studied in titanium samples kept in a magnetic fi eld, in atmospheric air, and at room temperature, that is, without a produced corrosive atmosphere. In such conditions, the passive layer is stable and its thickness and defective state does not change over time. Figure 2 shows diagram of the intensity I 2 for titanium samples E and F. For comparison, the fi gure also shows the values of these parameters before samples were placed in the magnetic fi eld (A). One can see that a perpendicular magnetic fi eld (E) causes (within the margin of error) no change to I 2 . However, if the magnetic fi eld is parallel to the corroding surface (F), after 150 h, the values of that parameter clearly rise to a certain level which is practically independent of the temperature at which the samples were held. These results seem to prove that forces of magnetic fi eld parallel to the passivating layer tears it apart during the transport of cation and anion vacancies, which is the cause of the formation of defects. When the passive layer is in the HCl vapors formed in there, its mechanical properties are changed as a result of extra defects caused.
Our previous research on the infl uence of the magnetic fi eld on the corrosion of ferromagnetic iron and the St20 steel has shown that during corrosion in HCl vapor, vacancies form clusters, whereas the kinetics of these changes depends on the orientation of the magnetic fi eld relative to the corroded surface and on the previous magnetization of the sample before it corrodes [4, 8] . However, this research has not allowed us to draw unambiguous conclusions whether the kinetics of corrosion in a magnetic fi elds is infl uenced by the change of the passivating surface or the change of the energy state of ferromagnetic domains of the metal. Titanium is a paramagnetic material that, when held in a magnetic fi eld, does not form or reorient magnetic domains. Diagrams in Fig. 3 shows the intensity I 2 (a) and C v /C vo (b) measured for samples: A, B, C, and D. It can be observed that the values of I 2 and C v /C vo are greater for all corroded samples than for non--corroded samples. The infl uence of the magnetic fi eld orientation is exhibited to a greater extent in samples annealed at 1100°C. If the magnetic fi eld is perpendicular to the sample surface (C), the values of I 2 and C v /C vo are greater than those for samples corroding outside a magnetic fi eld (B) or in one that is parallel to the sample D. Within the margin of error, the changes in I 2 for samples corroding outside a magnetic fi eld or in a magnetic fi eld parallel to the corroding surfaces are the same.
Conclusions
1. At an early stage of corrosion in HCl vapor, cation vacancies form in titanium. 2. An increased concentration of vacancies formed during corrosion is found down to the depth of approx. 45 m and the distribution of their concentration depends on the temperature at which the samples were preliminarily annealed. 3. The orientation of the external magnetic fi eld impacts differently on the kinetics of cationic vacancies formation in the uncorroded and corroded passive layer. 
